complex with 1,3-diamino-2-hydroxypropane-N,N',N",N"'-tetraacetic acid (H 5 dhpta), Ca 2 [Mn 4 {μ-OHO}(dhpta) 2 (CH 3 COO) 2 ], was synthesized and characterized by elemental analysis, IR and UV-vis-NIR spectroscopy, and temperature dependence of magnetic susceptibilities (4.5-300 K). Single-crystal X-ray crystallography revealed a trapezoid tetranuclear core with μ-(OHO), μ-alkoxido, μ-acetato bridges. Magnetic data analysis showed considerable antiferromagnetic interactions among these four manganese atoms with J ( Keywords: manganese complex, tetranuclear complex, magnetic property, mixed-valent complex. 
MIXED-VALENT TETRANUCLEAR Mn

Introduction
Tetranuclear manganese complexes have received much attention as model complexes of tetranuclear manganese center of oxygen-evolving complex (OEC) since such system was discovered in the active site of OEC of photosystem II [1] [2] [3] [4] . Especially, mixed metal complexes with calcium ions are most interesting in relation to the OEC active site. We have engaged in chemistry of manganese complexes, paying attention to their magnetic properties with a variety of unpaired electrons depending on the oxidation state of manganese ion. So far, we and others synthesized some manganese complexes from mononuclear to tetranuclear and polynuclear species by the use of organic ligands . Gorun et al. reported that tetranuclear and hexadecanuclear manganese complexes with barium or calcium ions can be isolated by the use of polydentate organic ligand, 1,3-diamino-2-hydroxypropane-N,N',N",N"'-tetraacetic acid (H 5 dhpta) shown in Figure 1 [31] [32] [33] . In this study, we examined reaction of H 5 dhpta with manganese salt by the use of calcium acetate as counter ion in the hope of obtaining new polynuclear manganese complexes. We isolated a tetranuclear manganese complex with calcium ions similar to Gorun's tetranuclear manganese complex. The isolated complex was characterized by elemental analysis, IR and UV-vis-NIR spectroscopies, measurement of temperature dependence of magnetic susceptibilities (4.5-300 K), and single-crystal X-ray crystallography. Herein, we report on the crystal structure, spectral features, and magnetic property of this complex.
Experimental
All reagents and solvents were obtained from commercial sources and were used without further purifi cation. 292, 478, 566(sh) , 858, 1096(sh) nm. Measurements: Elemental analyses for carbon, hydrogen, and nitrogen were done using a Thermo-Finnigan FLASH EA1112 series CHNO-S analyzer. Infrared spectra were measured with a JASCO MFT-2000 FT-IR Spectrometer in the 4000-600 cm -1 region. Electronic spectra were measured with a Shimadzu UV-vis-NIR Recording Spectrophotometer (Model UV-3100). Magnetic susceptibilities were measured with a Quantum Design MPMS-XL7 SQUID susceptometer operating at a magnetic fi eld of 0.5 T over a range of 4.5-300 K. The susceptibilities were corrected for the diamagnetism of the constituent atoms using Pascal's constants. The effective magnetic moments were calculated from the equation μ eff = 2.828√χ M T, where χ M is the molar magnetic susceptibility per mole of tetranuclear manganese unit.
X-Ray Crystallography: Preliminary X-ray diffraction data were taken by a Rigaku R-AXIS RAPID diffractometer using graphite-monochromated Mo Kα radiation at 200 K. X-Ray diffraction data were collected on a Bruker SMART APEX CCD diffractometer (Mo Kα radiation) at 90 K and indexed using the SMART software. Crystal data and details concerning data collection are given in Table 1 . The cell parameters were refi ned by full-matrix least-squares on F 2 . Integrated intensity information for each refl ections was obtained and corrected using the SAINT+ program package including the reduction program SAINT and the empirical absorption correction program SADABS. The structure was solved using the SHELXTL program. The structure was solved by direct methods, and the residual non-hydrogen atoms were located by D-Fourier synthesis. All of non-hydrogen atoms were refi ned by full-matrix leastsquares on F 2 . One of the two acetato groups was found to be disordered into two positions with half occupations. The hydrogen atoms except for those of water molecules were inserted at their ideal positions and fi xed there. All of the calculations were carried out on a Pentium IV Windows 2000 computer utilizing the SHELXTL software package. 2 ], was confi rmed by the elemental analyses, infrared and electronic spectroscopies, single-crystal X-ray structure analysis, and magnetic susceptibility measurement. The analytical data were obtained from the dried sample containing different amount of crystal water molecules from the single crystals for X-ray structure analysis. In the infrared spectra of 1, one strong shoulder band at 1560 nm and one strong band at 1400 cm −1 may be assigned to antisymmetric and symmetric stretching vibrations of the syn-syn acetato bridges [34] , respectively, as shown in Figure 2 . The broad bands at 3381 and 1616 cm -1 in 1 may be attributed to ν(OH) stretching band and δ(H 2 O) bending mode of water molecules, respectively [34] . The diffused refl ectance spectra of 1 are shown in Figure 3 . Two or three broad absorption bands around 292 and 478 (possibly, and 566 shoulder) nm in solid can be attributed to LMCT charge-transfer transitions in origin [5, 6, 8] . A broad band at 858 nm with shoulder at 1096 may be due to d-d transitions of manganese(III) ions [5, 6, 8] . The spectral feature is in harmony with the mixed-valent state of the present complex, because d-d transitions of manganese(II) are spin-forbidden and the intervalence bands of the mixed-valence should be in the broad band in the NIR region.
Single crystals of 1 were obtained by crystallization from the reaction solution. X-ray crystal structure analysis revealed that the present complex has a tetranuclear manganese core similar to Gorun's structure [32] . The structure of the tetranuclear complex drawn by ORTEP is shown in Figure 4 . The four manganese atoms are located in a trapezoid form. The molecule has a crystallographic mirror plane intersecting the O13, O14, C12, C13, and H(O14) atoms. The Mn1 atom is coordinated by two monodentate acetato-oxygen atoms (O1, O3), amino-nitrogen atom (N1), and alkoxidooxygen atom (O5) of dhpta 5-, one acetato-oxygen atom (O10) of syn-syn-bridging acetate ion, and oxido-oxygen atom (O13) in an axially compressed octahedral geometry, suggesting the Jahn-Teller distortion due to Mn III , whereas the Mn2 atom is coordinated by two monodentate acetato-oxygen atoms (O6, O8), amino-nitrogen atom (N2), and alkoxidooxygen atom (O5) of dhpta 5-, one acetato-oxygen atom (O11 or O12') of syn-syn-bridging acetate ion, and hydroxidooxygen atom (O14) in a distorted octahedral geometry. The bond distances around the Mn2 atom are mostly longer than those of the Mn1 atom in accordance with the mixed-valence Mn II Mn III state of the Mn2 and Mn2' atoms. Temperature dependence of effective magnetic moments is shown in Figure 5 . The magnetic moment of 1 is 9.72 μ B at 300 K per tetranuclear Mn II Mn III 3 unit, which is lower than the spin-only value (10.34 μ B ). The magnetic moments gradually decrease with lowering of temperature until reaching 3.74 μ B at 4.5 K, being typical of antiferromagnetic behavior [3, 11-14, 17-20, 25-28] . The magnetic data were analyzed with magnetic susceptibility equation based on the Heisenberg model H = -JS 31 ·S 32 -J'(S 31 ·S 21 +S 31 ·S 33 +S 32 ·S 21 +S 32 ·S 33 )-J"S 21 ·S 33 by a scheme shown in Figure 6 considering the mirror symmetry of this system. The g value was treated as isotropic and g(Mn III ) = g(Mn II ). Best fi tting curve was obtained with the parameters; J = -35.02 cm core.
Conclusions
By using 1,3-diamino-2-hydroxypropane-N,N',N",N"'-tetraacetic acid, a tetranuclear mixed-valent Mn II Mn III 3 complex, Ca 2 [Mn 4 {μ-OHO}(dhpta) 2 (CH 3 COO) 2 ], was isolated. The crystal structure revealed a trapezoid tetranuclear core with μ-(OHO), μ-alkoxido, μ-acetato bridges. In accordance with the structural feature, a considerable antiferromagnetic interaction was observed for the present complex.
